We demonstrate electronic cooling of 1D phonon modes in suspended nanowires for the first time, using normal metal-insulator-superconductor (NIS) tunnel junctions. Simultaneous cooling of both electrons and phonons to a common temperature was achieved. In comparison with non-suspended devices, better cooling performance is achieved in the whole operating range of bath temperatures between 0.1-0.7 K. The observed low-temperature thermal transport characteristics are consistent with scattering of ballistic phonons at the nanowire-bulk contact as being the mechanism limiting thermal transport. At the lowest bath temperature of the experiment ∼ 100 mK, both phonons and electrons in the beam were cooled down to 42 mK, which is below the refrigerator base temperature.
The ability to cool both the electrons and phonons of a mesoscopic device below the temperature of its surrounding bath is potentially valuable for all areas of lowtemperature physics, and could prove especially useful for applications such as nanobolometry in sub-millimeter telescopes [1, 2] , quantum computing [3] and cooling of nanomechanical oscillators into their quantum mechanical ground state [4] . In the sub-Kelvin temperature range, the thermal coupling between a nanoscale device and its thermal bath becomes very weak [1, 5, 6] , leading easily to overheating problems due to even tiny dissipated power levels (∼ fW) from the measurement signals and external noise. A cooling method, where the cooling power is applied directly to the device can therefore be extremely valuable, as it actually takes advantage of the weakness of the thermal coupling.
A tunnel junction can be used for direct cooling at subKelvin temperatures, if one of the electrodes is superconducting and the other in normal state, i.e. with a normal metal-insulator-superconductor (NIS) structure [7, 8, 9] (Fig. 1) . If fabricated on bulk substrates, only sizeable electron cooling can be achieved due to the strong weakening of electron-phonon interaction with temperature [6, 10, 11] . To be able to cool the phonons, the phonon thermal conductance out of the device needs to be small enough to become the bottleneck for the heat flow. Using this idea, cooling of phonons in thin but large insulating membranes has been demonstrated with large area tunnel junction coolers [12, 13, 14] , but direct phononic cooling of a nanoscale (1D) device has only been suggested theoretically [15] . In this work, we demonstrate significant NIS junction cooling of both electrons and phonons in suspended 1D nanowires to a common temperature below the bath temperature of the refrigerator, and present quantitative results on the phonon thermal transport processes involved (ballistic phonon transmission). In our 1D geometry, phonon cooling is approximately two orders of magnitude more effective than in the 2D case [14] in terms of the cooling power required to achieve a given temperature reduction.
All suspended nanowires have a length of either 10 or 20 µm, width 200 or 300 nm and thickness 60 nm, and were fabricated to form bilayers of evaporated copper (30 nm) on silicon nitride (30 nm) using e-beam lithography, vacuum evaporation and reactive ion etching (see [16] ). The Cu/SiN wire is connected to the substrate by four free-standing bridges with a length 5 µm, and width 150 nm ( Fig. 1 (c) ). The outer bridges are also Cu/SiN bilayers of thickness 60 nm, and connect the Cu wire (total length 20 or 30 µm) to wider (1 µm) superconducting Al electrodes on the bulk substrate via two larger area (0.35 (µm)
2 ) NIS-junction coolers. The cooler junctions must be located on the bulk substrate to avoid serious back-flow of dissipated heat from the superconductor into the nanowire [17] . The inner bridges have a composition Cu/Al/SiN (thickness 90 nm), connecting Al leads with Cu quasiparticle traps to two smaller (0.05 (µm)
2 ) thermometer NIS-junctions located on the suspended nanowire. Since the measured phonon thermal conductance from the narrow bridges to the bulk substrate is approximately an order of magnitude smaller than the thermal conductance between the electrons and the phonons (detailed discussion below), phonon transmission becomes the thermal bottleneck. Thus, both the electrons and the phonons in the suspended wire have a common temperature and can be cooled simultaneously in our sample geometry, in contrast to a recent report on electron cooling in nanowires [18] .
Measurements were perfomed in a 3 He-4 He dilution refrigerator with a base temperature of ∼ 50 mK with several stages of filtering in the wires [16] . In the experiment, the temperature of the nanowire was measured as a function of the bias voltage across the cooler junctions [16] . Schematic of the measurement setup is shown in Fig. 1 (c). Using this simple measurement, we obtain temperature response curves that typically look like Figure 1 (d) as a function of the cooler bias and refrigerator bath temperature T bath . As expected from theory [9] , the maximum cooling is obtained at cooler voltage V ∼ 2∆/e, where ∆ = 215 µeV for our samples. Two main observations are immediately apparent: (i) At the lowest bath temperature 50 mK, where the nanowire has a temperature 100 mK at zero cooler bias (due to noise power of ∼ 6 fW radiated from higher temperature parts of the circuit), the lowest temperature achieved around V ∼ 2∆/e was 42 mK, a reduction of ∼ 60 mK. clearly still works at bath temperatures as high as 600 mK. These are the main results of this work, and in the following we elaborate on the physics by comparing samples of different sizes and results between suspended wires and wires on bulk substrates.
Cooler samples on bulk substrates were fabricated with the same metal film and tunnel junction geometry as the suspended samples during the same fabrication run [16] . Figure 2 (a) shows the measured cooling (ratio of measured temperature to the bath temperature) vs. bath temperature at optimal cooling bias for a suspended (green) and a bulk (black) sample, both with wire lengths 20 µm and similar junction properties, whereas Fig. 2 (b) shows it for longer 30 µm wires. Clearly, the suspended samples in both cases show better cooling (∼ 20 % improvement at 300 mK) extending to much higher bath temperatures (up to ∼ 600 mK), pointing to a difference in the dissipation mechanisms between the bulk and suspended samples. A further confirmation of the differences can be seen by comparing the T (V cooler ) curves [16] . In addition, in Fig. 2 (c) we compare cooling for three suspended samples in pairs: Two samples have different nanowire sizes but the same tunnel junction properties (L =20 µm, w =200 nm (black) and L =30 µm, w = 300 nm (green), R T ∼3 kΩ), whereas the third sample (red) has the same size as the longer wire of the previous pair, but more transparent tunnel barriers (R T ∼1.7 kΩ). It is quite clear that the size of the suspended nanowire has no effect on the cooling behavior, whereas the tunnel resistance R T has a stronger effect, as expected by theory [16] . This size-independence proves that neither 3D [10] nor 1D [15] electron-phonon (e-p) interaction limits the heat flow in the suspended samples, unlike in bulk coolers, where a strong volume dependence is observed [9] due to the 3D e-p interaction (clearly noticeable by comparing the bulk results in Figs 2 (a) and (b)). We can thus deduce that electrons and phonons in the suspended wire are in quasiequilibrium (common temperature) and are therefore both cooled simultaneously. Moreover, we have observed that there are no temperature gradients within the wire [16] so that electronic diffusion [19] is not operational either. This means that heat flow is limited by phonon transmission (phonon thermal conductance), and must be dominated by the interface between the suspended wire and the bulk because of the lack of wire length dependence. In quantitative terms, the heat flow between the substrate and the suspended nanowire is determined by the power balance condition P heat = P cool , where the heat flow from the surroundings P heat equals the cooling power of the junctions P cool = 2Q cool , whereQ cool is the cooling power of a NIS junction [16] . Regardless of the limiting heat transport mechanism (e-p interaction or phonon thermal conductance), we can generally write
where the first term on the right describes the the heating from the environment (T nw is the nanowire temperature), and the second backflow of dissipated heat 2Q cool +IV cool from the superconductor to the normal metal (0 ≤ β ≤ 1) due to non-equilibrium recombination phonons and backtunneling [20] . Here I is the current though the cooler junctions and V cool the voltage across them, A is a parameter describing the strength of the heat flow between the nanowire and the bath, and the exponent n depends on the heat flow mechanism. In the calculation ofQ cool we have taken into account a measured broadening of the quasiparticle density of states due to lifetime-effects [21] and/or two-electron Andreev processes [22] [16], because of its strong influence on cooling efficiency [9, 23] . In the case of 3D (1D) electron-phonon mediated heat flow A = ΣΩ, where Σ is the electron-phonon coupling constant and Ω the electron gas volume (length for 1D), and n = 3 − 6 depending on the level of purity of the metal film and the phonon dimensionality [6, 15, 24] . In contrast, if the heat flow is limited by phonon transmission at the nanowire-bulk boundary (suspended samples), A is not dependent on Ω, and n = 2 − 6 depending on phonon mode and dimensionality [5, 25, 26, 27] .
To understand the transport process, we performed a complementary heating experiment without cooler tunnel junctions but with the same nanowire width w = 300 nm and thickness t = 60 nm (length was L = 24 µm). In that experiment we substituted the cooler tunnel junctions by direct contact between the normal metal (Cu) and a superconductor (Nb). These NS-junctions work as good electrical contacts but, on the other hand, as nearly perfect thermal barriers so that Joule heating power P in = IV is dissipated uniformly in the normal metal and P in = A(T n nw − T n bath ). (details in [16] ). Fig.  3 (a) shows the result of such an experiment, where the temperature of the nanowire is plotted as a function of the heating power in log-log scale. We notice that the data is well described by a transition from a power law with n = 2.8 at low temperatures to a power law with n ∼ 6 at high temperatures. The thermal conductance G = dP/dT at 200 mK is 0.4 pW/K (at 100 mK extrapolated to 0.12 pW/K), which can be compared with a value for calculated 1D e-p limited conductance [15] (using known Cu parameters) at 200 mK, 5.2 pW/K (at 100 mK 1.3 pW/K), confirming that phonon transport limits the heat flow at low temperatures.
The measured power laws for suspended nanowires can then be used in the thermal model of the coolers, Eq 1. Figs. 3 (b) and (c) show cooler data in comparison with the two power laws, n = 2.8 (red) and n = 6 (blue). Good agreement is achieved with the low bath temperature data, if a transition from a n = 2.8 power law into a n ∼ 6 is assumed, in agreement with the heating experiment. We would like to stress that simply fitting the cooler data with different power laws directly is nearly impossible, as the cooler model is quite insensitive to the value of n. At bath temperatures T bath > 0.4K, n = 6 fits fairly well the full range of bias values, but is not consistent with an e-p limited heat flow, as the parameter A is much smaller than what is expected from e-p theory [16] .
To understand this behavior, we note that the phonons in the wire have a cross-over from 3D to 1D behavior when the thermal wavelength of the lowest energy transverse modes λ T = hc t /(2.8k B T ) becomes larger than the wire thickness and width, which is estimated to take place around T ∼ 0.4 K using a value c t = 4300 m/s for the Cu/SiN bilayer. This estimate is not far from the observed transition temperature seen in Fig. 3 (b) . Thus, we believe that in the low temperature regime T < 0.4 K, the nanowire phonons are one-dimensional. In the ballistic 1D limit with no scattering at the nanowire-bulk contact n = 2 is expected [5] . However, in our sample geometry the nanowire-bulk contact is abrupt, leading to strong scattering and predicted power laws between n = 2.5 − 3.5 for 1D-2D scattering [26] , or n = 4 − 6 for 1D-3D scattering [27] . We thus conclude that our observed n = 2.8 is consistent with 1D-2D boundary limited phonon scattering, which is plausible based on the device details [16] . The value of the measured thermal conductance ( Fig. 3 (a) ) per conduction channel G/16 (four legs with four phonon branches) is also consistent with boundary scattering, as it can be expressed in units of the quantum of thermal conductance [5] 
In conclusion, we have demonstrated electronic cooling of phonon modes of a suspended nanowire, where scattering of phonons at the nanowire-bulk contact limits the thermal transport. In comparison with non-suspended devices, better cooling performance is achieved in the whole operating range of bath temperatures. The minimum temperature reached in our best device was 42 mK, starting from an initial temperature of 100 mK. This limit is mostly determined by the superconducting material itself (Al), and thus the minimum temperature could be extended below 10 mK by using an additional tunnel junction cooler with a lower superconducting gap [28] . The advantages of tunnel junction coolers are: (i) ease of integration into a nanoscale system and compatibility with existing fabrication processes, (ii) simple operation by only DC voltage source, and (iii) the ability to cool both electrons and phonons simultaneously. This last point is significant for ultrasensitive nanobolometers [1, 2] , as both the electron and the phonon temperatures contribute to their performance (noise equivalent power), and also for nanomechanical oscillators, where the phonon modes need to be cooled. The suspended samples were fabricated on single crystal (001) Si wafers with double-sided 30 nm thick lowstress silicon nitride (SiN) films grown by low-pressure chemical vapour deposition (LPCVD) and purchased from the Microfabrication Laboratory at UC Berkeley. A 500 × 500µm square was first patterned and etched onto the bottom-side nitride, using photolithography and reactive ion etching in CHF 3 gas. The remaining SiN then served as an etch mask for a crystallographic potassium hydroxide (KOH) wet etch through the whole wafer thickness, producing a 30 nm thick suspended SiN membrane of size 50 × 50µm on the front side (bulk micromachining). The metallic wires were then deposited on the membrane, using electron beam lithography and twoangle shadow mask technique, where the the two metals aluminium (Al) and copper (Cu) were e-beam evaporated from different angles in an UHV system with a base pressure 10 −8 mbar. Al was evaporated first (0.2 nm/s) at 60
• angle with respect to the normal of the substrate, after which it was thermally oxidized in 10 mbar for 4 min. Then Cu was evaporated with rate 0.15 nm/s from 0
• angle. This produced (after lift-off) the narrow nanowire, the smaller Al/AlOx/Cu thermometer junctions (typical R T ∼ 30 − 50 kΩ) in the middle of the wire, and the larger Al/AlOx/Cu cooler junctions (typical R T ∼ 1.5−3 kΩ) at the ends of the wire (Fig. 1(c) , main text). After metallization, the suspended structure was released by reactive ion etching the SiN in a CHF 3 plasma ( 0.1 mbar for 100 s), where the metal wires themselves served as the etching mask. Note that this process also etches down the SiN layer on the bulk substrate area around the wider leads.
The bulk samples were fabricated on the same 30 nm LPCVD-nitridized Si wafers during the same evaporation runs, but without any etching processes.
Samples used in the heating experiment containing direct superconductor-normal (SN) junctions had a more complex fabrication procedure than the coolers, mainly because three different materials were used: Cu as the normal metal, Al as the superconductor for NIS thermometers and Nb as the superconductor for the heating probes connecting directly to Cu. The thermometer junctions were still the same Al-AlO x -Cu SIN junctions as in the coolers, and thus the first evaporation and oxidation steps of Al were the same as for the cooler samples, (60 • angle, thermal oxidation in 10 mbar for 4 min). Then the sample stage was rotated horizontally by 90
• and Cu deposited from tilt-angle of 60
• . After that, the sample was again rotated horizontally by 45
• and deposition of 30 nm of Nb with rate of 0.5 nm/s followed from the tiltangle of 60
• . The structural release process was the same as for the suspended coolers. A Schematic view of the resulting heating sample is shown in Fig. 1 . Nb was used for the heating junctions because of its high superconducting gap, which prevents any heat from leaking into the superconductor due to multiple Andreev reflections [1] . This means that the dissipated power within the normal metal nanowire can be accurately determined by simply measuring the I-V characteristics of the SNS structure, and calculating the dissipated power as P diss = IV .
FIG. 1:
A Schematic of the sample with two SN heating junctions.
II. OPERATION OF THE COOLER
The basic principle of cooling of a NIS tunnel junction is based on the existence of the superconducting energy gap ∆ for single particle electronic excitations ( Fig. 1(a) , main text). An electron from the normal metal cannot enter the superconductor, unless it has at least energy ∆. A voltage bias V can supply this energy so that at T = 0 current can flow if eV > ∆. However, at finite temperatures electrons follow the Fermi-Dirac distribution, so that even at biases eV < ∆ there are some energetic (hot) electrons that can tunnel. As only hot electrons escape in that case, the temperature of the remaining electrons in the normal metal is lowered, and the magnitude of bias dependent heat flow (power) due to single particle tunneling from the normal metal to the superconductor is [2] 
where R T is the tunneling resistance of the junction, g S (E) the density of states (DOS) in the superconductor and f N,S the Fermi distributions of normal metal and superconductor, respectively. Eq. (2) is valid as long as both the normal metal and the superconductor remain in quasiequilibrium, i.e. as long as the tunneling rate is not much larger than the electron-electron scattering rate [2] . The optimal cooling power is achieved with a bias close to the edge of the superconducting gap V ∼ ∆/e , and by increasing the bias further heating starts to dominate (Fig. 1(b) , main text). It is also clear that to maximize the cooling power, the superconducting electrode temperature T S has to be as low as possible, which can be ensured by removing the excess injected quasiparticles as efficiently as possible, for example, by letting them quickly diffuse out into another normal electrode (quasiparticle trap) [2] . For practical purposes, it is useful to connect two NIS junctions in series (SINIS), since the cooling power is doubled in that case. The cooling curves T (V ) (Fig. 1(d) , main text) were measured by slowly sweeping the voltage bias of the two cooler junctions in series (SINIS) V cooler and measuring the resulting temperature with the second, smaller pair of NIS junctions (SINIS thermometer). This was performed at different refrigerator bath temperatures T bath . In addition, we also performed measurements where the cooler voltage bias V cooler was kept constant at optimal cooling point while changing T bath slowly and measuring the temperature response (Fig. 2, main text) . This way, the performance as a function of T bath can be determined more accurately. V cooler and V therm were both measured with a high input impedance differential voltage preamplifier (Ithaco 1201). Measurements of the I(V ) characteristics of the cooler junctions also show consistent cooling behavior in comparison with the separate temperature measurement.
Because of the extreme sensitivity of the samples even to tiny heating powers ∼ 10 fW, extra care was taken to filter out unwanted external RF noise from the experiment. The setup uses shielded coax wiring from room temperature to 4K flange, where a RC-filter stage is located. From 4K to 50 mK, the wires are Thermocoax cables of length ∼1.5 m, with its known good attenuation properties at high frequencies. In addition, another set of RC filters are located at the 50 mK sample stage, inside a copper box thermalized to T bath .
III. COMPARISON OF THE COOLING CURVES OF BULK AND SUSPENDED COOLERS
The main text discussed the differences between bulk and suspended samples in terms of measurements, where the cooler bias was kept at optimum value, and bath temperature was varied (Fig. 2, main text) . A further confirmation of the difference between bulk and suspended samples is shown in Fig. 2 , where measured cooling curves (T vs. V ) for the bulk (dashes, black line) and the suspended (solid, red line) sample of similar values of R T are plotted for three different bath temperatures, and compared with the thermal model (Eq. 1 of main text) limited either by 3D or 1D electron-phonon (e-p) interaction in the Cu film (open circles and diamonds, respectively) using typical values n = 5 (n = 3 for 1D) and Σ = 2.1 · 10 9 WK −5 m −3 [3] . In addition, for the 1D model we used c l = 4900 m/s for the longitudinal speed of sound in Cu. The only fitting parameter used was β, the fraction of dissipated heat flowing back to the nor- mal metal, with a value β = 0.03 kept constant for the three bath temperatures and for both models. As we see, the 3D e-p model reproduces the bulk data very well for all bath temperatures, but cannot explain the suspended sample data at all. We stress that since the electron gas volumes of the two samples are equal, there are no fitting parameters left, as we expect β to be approximately the same for the bulk and suspended samples (both samples have the coolers on the bulk substrate). For the low temperature range, the suspended nanowire phonons are expected to be one-dimensional, thus we should also compare the suspended data with the one-dimensional e-p model [4] (diamonds, Fig. 2 ). It is clear that it cannot model the suspended data either (and adjusting β does not improve the fit). The T (V ) cooling curves thus confirm the conclusion that e-p interaction is not the limiting dissipation mechanism in the suspended nanowires, unlike in the bulk samples.
IV. DETAILS ON SINIS THERMOMETRY
In addition to using NIS junction as coolers, they were also used as sensitive thermometers because of their highly non-linear and temperature dependent currentvoltage (I-V) characteristics at sub-Kelvin temperatures [2, 5] . In practice, the measurement is usually performed by connecting two junctions in series (SINIS), running a constant current through the junctions and measuring the temperature dependent voltage response. When constant current biased, the SINIS-thermometer voltage V therm is a sensitive function of temperature only, and this dependence can be calculated from the BCS-theory once the tunneling resistance of the junctions R T and the superconducting gap ∆ are known. Since those parameters were always determined in a separate measurement of the I-V characteristics of the junctions, no free parameters are left, and the measured SINIS voltage can be unambiguously converted to temperature. We always checked this to be true by a calibration measurement, where the SINIS temperature was compared with the temperature given by a calibrated RuO thermometer while the refrigerator temperature was varied. The thermometer junctions were current biased with a bias resistor R = 10 GΩ to ensure proper current bias even in the subgap, where junction resistance was typically ∼10 MΩ at low temperatures. In the experiment, two different constant bias current values (I ∼ 10 pA) and (I ∼100 pA) were used, the low one for low-temperature regime and higher one for high-temperature regime. Two values were used because the SINIS temperature-to-voltage responsivity dV /dT is a strong function of both I and T in such a way that the low bias (high bias) value gives a better responsivity at T < 0.4 K (T > 0.4 K). In addition, the lower bias value was always chosen higher than the measured two-electron/lifetime-broadened excess sub-gap current, to guarantee good response and no dependence on the details of the excess current mechanisms. V therm was measured with a high input impedance differential voltage preamplifier (Ithaco 1201). In addition, while measuing the I-V characteristics, current was measured with a current preamplifier (Ithaco 1211).
It is clearly seen that by choosing the bias current appropriately (two examples shown as horizontal lines in Fig. 3) , the responsivity dV /dT of the thermometer can be adjusted to be best suited for the required temperature range. Fig. 4 shows an example of the bathtemperature-to-voltage response (the bath temperature was measured with a calibrated RuO thermometer) of the SINIS thermometer in Fig. 3 with bias current values 10 pA and 100 pA. With the low bias-current (∼ 10 pA) there is a gain in the responsivity at low temperatures, while with the higher bias-current (∼ 100 pA) the responsivity is better at higher temperatures T > 0.4 K. Best results with thermometry are obtained by repeating experiments with few different bias points for different temperature ranges. Note from Fig. 3 that at current levels I ∼ 1 pA temperature sensitivity is lost.
A. IV characteristics and subgap conductance of NIS junctions
The I-V characteristics can be understood by a simple BCS-based tunneling Hamiltonian theory [2, 6] , which predicts for a pair of identical normal metalsuperconductor tunnel junctions (SINIS)
where R T is the tunneling resistance of a single junction, f N (E) is the Fermi-function of the normal metal in quasiequilibrium and g S (E) is the quasiparticle density of states (DOS) in the superconductor. Note that equation (3) contains only the temperature of the normal metal and not that of the superconductor, and is valid as long as the quasiparticle distribution in the superconductor is also in quasiequilibrium (but not necessarily the same temperature). g S (E) can be determined from the BCS theory, which predicts in the weak coupling limit that g S (E) = |E|/ √ E 2 − ∆ 2 , when |E| > ∆ and g S (E) = 0 when |E| < ∆ [6] . However, in real materials there are processes that create quasiparticle states also within the gap |E| < ∆. The easiest and most straightforward way to model these is with the so called Dynesparameter, which was initially realized to model life-time broadening due to inelastic scattering (electron-electron, electron-phonon) [7] . This leads into a DOS of the form
where parameter Γ describes the finite life-time (Γ = h/τ ) of quasiparticle states in the superconductor. Figure 5 shows a typical measured suspended SINIS cooler I-V curve (black, solid line) in a logarithmic scale to highlight the sub-gap regime. As the cooler junctions are larger and have thus lower R T , the current is higher than in the thermometer junctions (Fig. 3) . This means that the sub-gap current is more easily measurable. The dashed, red line in Fig. 5 is a theoretical curve based on Eq. 3 that takes into account the broadened DOS by the Dynes model (dashed, red line), providing a good fit to the data with Γ/∆ = 2 · 10 −4 as the only fitting parameter. This value is consistent with what has been observed before for thin aluminum films [7, 8, 9] . On the contrary, without the broadening (dashed, blue line) the sub-gap I-Vs can not be fitted. Cooling of the junctions (apparent as dip around ∼ 0.4 mV) is taken into account in the theoretical curves by using a voltage-dependent temperature that was obtained from the separate thermometer junctions.
In addition to the finite life-time broadening, the microscopic nature of the finite sub-gap current can also originate from the higher order (Andreev) tunneling processes [10, 11] , which give a very similar looking result for the I-V curves [12] . For the conclusions of this work it is irrelevant which microscopic sub-gap conduction process actually takes place, as both of them lead to anomalous heating at voltages below the gap and degradation of the cooler performance. However, with our observed small sub-gap current Γ/∆ = 2 · 10 −4 the anomalous heating is a small effect and just barely noticeable in the data at lowest temperatures (see Fig. 1(d) in the main text) . B. Temperature measurement in the low-temperature regime As was shown above, Eq. 3 gives an accurate description of the measured I(V ) curves, even at sub-gap voltages. This means that if we measure the I(V ) curve of the SINIS thermometer, we can determine R T , ∆ and Γ unambiguously, and use Eq. (1) to convert the measured SINIS voltage to temperature without fitting parameters.
We also point out that by biasing clearly above the subgap knee (Fig. 3) Γ does not influence the results at all at the temperature range of interest, so that in practice only R T and ∆ fix the temperature calibration. However, if one compares the measured responsivity curves V SINIS vs. T bath with the theory from Eq. 3 (Fig. 4) , some deviation is clearly seen at the low temperature regime T < 100mK, looking like a beginning saturation of V SINIS . This saturation is not an intrinsic limit for the junctions, since we have measured higher values of V SINIS (lower temperatures) with the coolers operating. We conclude that the observed saturation is most likely caused by extrinsic heating power radiated down the leads. This is plausible since a nanoscale sample can be overheated very easily due to the weakness of dissipation (electron-phonon, or phonon scattering). From the heating experiment ( Fig. 3(a) in the main text) we can easily see that for our devices an excess power levels of ∼ 6 fW is enough to heat up the sample to 100 mK from T bath = 60 mK. This kind of power levels are easily caused by Johnson noise power radiated down from the 4 K stage filters within the bandwidth of our lowtemperature (below 4K) filters. However, the most important conclusion is that this observed saturation does not limit our temperature measurement for the coolers, as the theoretical self-calibration using Eq. 3 is still valid at T < 100 mK, regardless of the excess noise heating.
C. Lack of temperature gradients in the nanowire
In the cooling experiments, we measured the temperature in the middle of the wire, whereas the coolers are actually located at the ends of the wire, a distance of ∼10-15 microns away ( Fig. 1(c) , main text). One might wonder whether any temperature gradients will develop within the nanowire, and whether the measured temperature is therefore unequal to the temperature at the cooler junctions. We investigated this question by comparing the measured I-V characteristics of the cooler junctions with theoretical I-V curves with temperature as a parameter, Fig. 6 . It is clear that the cooler I-V is consistent with lowest temperature T = 47 mK for this sample, which is the same temperature that was measured at optimal cooling for this sample at the SINIS thermometer in the middle of the nanowire (Fig. 4(b) main text) . We conclude that no thermal gradients develop in the nanowire. This is consistent with the conclusion that phonon transmission at the nanowire-bulk boundary is the limiting dissipation mechanism.
D. Lack of influence of charging effects
Coulomb blockade (charging effects) due to the small capacitance of sub-micron scale tunnel junctions can have a measurable effect on thermometry, especially in the limit E C > k B T [13] , where E C = e 2 /2C Σ is the charging energy and C Σ = 2C + C 0 is the total capacitance of the junctions and island. E C can be experimentally determined by measuring the tunneling conductance spectrum around zero bias in the weak Coulomb blockade limit E C < k B T , where a dip ∆G develops, depending on E C as [2] 
where G T is the tunneling conductance around V = 0 without the dip. The measured charging energy at 4.2 K for a typical cooler sample is shown in Fig. 7 . From the measurement we obtain E C /k B = 20 mK, which is small enough not to affect the SINIS thermometry, i.e. analysis can be carried out with the simplest BCS-theory calculation, Eq. (1), without charging effects. This conclusion has been confirmed by a theoretical calculation of the SINIS response including charging effects [13] . 
